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Active substances can be stabilized to be protected from undesirable reactions, aggregation,
and leaking, which would keep the intended functions of the active substances without premature
degradation. Among such active substances are paraffin-based organic phase change materials
(PCMs) and essential oils (EOs), which feature attractive characteristics, e.g., high latent heat of
fusion and inherent antimicrobial activity. However, their high volatility requires an effective
stabilization strategy. Petroleum-based synthetic polymers have often been employed to stabilize
PCMs and EOs by encapsulation and complexation pathways. Despite their proven effectiveness,
these polymers are from non-renewable resources, and non-degradable and often toxic, which has
prompted a need to develop a substitute arising from natural polymers that are environmentally
benign, biodegradable, and sustainable. Valorization of biomass in this regard would add extra
value to biomass otherwise burned or wasted.
This dissertation will present the development of microcapsules and inclusion complexes
consisting of a hydrophobic active substance core and a polysaccharidic shell originating from
biomass. The first two chapters will explain the introduction and experimental details. Chapter 3
will present the microencapsulation of n-hexadecane as PCM via oil-in-water (O/W) Pickering
ii

emulsions stabilized by unmodified cellulose nanofibrils (CNFs) through a sonochemical
technique. Chapter 4 will investigate the incorporation of the PCM-CNF microcapsules into
TEMPO-oxidized CNF films for building application. Finally, Chapter 5 will show the synthesis
of EOs-beta cyclodextrin (βCD) inclusion complexes as a guest-host system through a
sonochemical technique.
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CHAPTER I
INTRODUCTION & LITERATURE SURVEY
1.1

Hydrophobic core materials

1.1.1

Phase change materials (PCMs)

Energy consumption in buildings poses a pressing problem that may be reduced by the use of
green energy. In 2020, 40% of about 40 quadrillions British thermal unit of total energy
consumption in the U.S. came from residential and commercial buildings.1 The use of energysaving components in building materials is considered as a way to improve the energy efficiency
of buildings. Thermal energy storage (TES) is a technology to store energy in suitable forms for
heating and cooling applications. TES can have positive influences on energy saving, cost, and
pollutant emission, which can be achieved using sensible and latent heat.2 In sensible heat, the
energy is stored and released without changing the phase of a TES material when the
temperature increases and decreases. Unlike sensible heat, latent heat can store and release a
large quantity of energy as the heat of fusion during the phase transformation of materials from
solid to liquid or liquid to solid.2,3 These are phase change materials (PCMs) and are of high
interest for TES. PCM relies on the storage material absorbing or releasing heat as heat of fusion
when the material phase undergoes to from solid to liquid or liquid to solid. PCM provides a high
energy storage capacity during phase change at an almost constant temperature.2 Organic,
inorganic, and eutectic mixture types of PCM have been applied for thermal comfort building,
solar heating, air conditioning, transportation, and electronic devices.4 A classification of PCM is
1

given in Figure 1.1. The phase transition temperature and the latent heat of fusion are the main
consideration when choosing PCM for a given application. The latent heat needs to be as high as
possible, and the transition temperature should be within the application temperature range.
Organic PCMs exhibit good thermal stability and high latent heat of fusion, and minimal
supercooling in phase transitions.2,4,5 The temperature range of phase transition in most organic
PCMs is 0 – 65 °C. This range is suitable for heating and cooling systems and makes organic
PCMs favorable candidates for building applications.6 In particular, PCMs whose phase
transitions are close to thermal comfort temperature (18 – 30 °C) are mostly preferred for
building applications.2 Figure 1.2 shows a typical result from a DSC experiment for nhexadecane, an example of organic PCM. n-Hexadecane (C16H34) is linear high alkane
hydrocarbon paraffin, and its phase change transition temperature is around 18 °C. The heat of
fusion upon heating, the solid to liquid phase transition, is 216 J/g while the heat of fusion upon
cooling, liquid to the solid phase transition, is 220 J/g.7

2

Figure 1.1

Classification of PCMs

Figure 1.2

n-hexadecane results from differential scanning calorimetry (DSC) experiment

3

However, undesirable reaction and leaking may restrict widespread applications of organic
PCMs. Many researchers have worked to overcome the above-mentioned severe problems
associated with organic PCMs. The addition of conductive fillers and flame-retardants are
examples of previous approaches to mitigate the drawbacks of organic PCMs, but they reduce
the energy storage density of PCMs.8 Recently, confinement approaches have gained a lot of
attention by improving the thermo-physical properties of PCMs while maintaining their energy
storage capacity. Depending on materials’ designs and dimensions, approaches for shape
stabilized PCM (ss-PCM) involve the confinement of PCM in core-shell (0D), longitudinal (1D),
interfacial (2D), and porous template (3D) structures as shown in Figure 1.3. Among these
approaches, using the core-shell structure is a promising method to stabilize organic PCMs. In
the core-shell confinement, the confined “core” material is surrounded by supporting “shell”
material. Depending on the synthetic conditions, the confinement of PCM as core-shell could be
a simple core-shell, multi-shell and polynuclear.8

Figure 1.3

Confinement of PCM in core-shell (0D), longitudinal (1D), interfacial (2D), and
porous template (3D) structures. Adapted from Aftab et al. 20188
4

1.1.2

Antimicrobial agents

Undesirable conditions of food during distribution and storage lessen the safety and shelf life
of food. Foodborne pathogens and microorganisms grow under certain conditions and trigger
food spoilage and deterioration. It is necessary to eliminate foodborne pathogens and improve
the conditions of products.9 The food industry has developed a new packaging system which is
called active packaging. Active packaging controls moisture and oxygen, reduces food
degradation, and extends shelf life and optimum quality of products.10,11The concept behind
antimicrobial packaging is to combine antimicrobial agents with a packaging material to
eliminate foodborne pathogens and enhance food conditions.11,12 Antimicrobial packaging is one
of the most promising types of active packaging that could extend shelf life by improving the
quality of food..9,13 The antimicrobial agents used for active packaging can be classified into
synthetic and natural antimicrobial agents.14
1.1.2.1

Synthetic antimicrobial agents

Synthetic antimicrobial agents effectively halt the survival of microorganisms by reducing
the growth rate or inactivating the microorganisms in food packaging. Organic acids and their
salts, sulfites, nitrites, and antibiotics are commonly used synthetic antimicrobial agents in the
food industry. For example, organic acids and their salts (e.g., sodium benzoate, propionic acid,
sorbic acid, and potassium sorbate) are the most common preservatives in large commercial
bakeries, and applying a high concentration of them inhibits fungi. However, they might alter the
physical and sensory properties of the product and promote fungal resistance to those
chemicals.15 Therefore, concerns on minimally processed and safe food products have led to
increased consumer awareness to the presence of chemical residues of synthetic antimicrobial

5

agents.16 Natural antimicrobial agents claim to conform to safety standards and recently start to
take the place of synthetic antimicrobial agents in food packaging.
1.1.2.2
1.1.2.2.1

Natural antimicrobial agents
Essential Oils

Plant extracts and essential oils (EOs) are phytochemical compounds used as antimicrobial
agents for food preservation. They can be obtained from various plant parts such as flowers,
seeds, leaves, fruits, woods, and buds. Essential oils (EOs) are natural, non-toxic, and
hydrophobic active substances commonly incorporated to extend shelf life due to their
antimicrobial/antifungal activity or their antioxidant properties.9
Allyl isothiocyanate
Allyl isothiocyanate (AITC), whose chemical structure is shown in Figure 1.4a, belongs to
the Cruciferae family and is obtained from broccoli, horseradish, and mustard. Mechanical
disruption distribution of these plant tissues releases AITC due to hydrolysis of glucosinolates by
myrosinase.17 The antibacterial, antifungal, and insecticidal properties of AITC in vapor form are
from isothiocyanate functional groups (N=C=S). In particular, AITC can kill bacterial and fungal
pathogens on plant seeds, fresh produce, meat, and cheese, indicating its potential for natural
antimicrobial agents for food preservation.18 However, volatility, strong odor, and water
insolubility limit any application of AITC to food systems.
Carvacrol
Carvacrol (CV), the major component of thyme and oregano essential oils, is a phenolic
compound and shows antimicrobial activity against bacteria, molds, and yeast.19 Carvacrol,
whose chemical structure shown in Figure 1.4b, has a high potential to be used as a preservative
in many food products by extending shelf life and ensuring the safety food.20
6

Thymol
Thymol, an isomer of carvacrol, has a very similar chemical structure to carvacrol, but its
hydroxyl group is in different locations on the phenolic rings shown in Figure 1.4c. It was
reported that both carvacrol and thymol increase the permeability of the cytoplasmic membrane
to ATP and release lipopolysaccharides resulting in the disintegration of the outer membrane of
gram-negative bacteria.21 Carvacrol and thymol have recently been incorporated into polymeric
materials by developing active packaging. Guarda et al. reported producing microcapsules
containing carvacrol and thymol and incorporating into a plastic film, indicating significant
antimicrobial activity against Gram-positive and Gram-negative bacteria.19
trans-Cinnamaldehyde
Cinnamaldehyde is the predominant compound in cinnamon, which is used to flavor and
season various foods. The carbonyl group in cinnamaldehyde, shown in Figure 1.4d, may bind
proteins that prevent amino acid decarboxylases in microorganisms. Also, aldehyde groups can
hinder the standard functionality of microorganisms by crosslinking covalently with proteins and
DNA through amine groups.22 The antimicrobial activity of cinnamaldehyde against the
foodborne pathogen in contaminated meat and cheese was shown in the previous studies.23
Hexanal
Hexanal is an aldehyde product of lipid oxidation and peroxidation in vegetable oils24,
and its chemical structure is shown in Figure 1.4e. Hexanal has been found to extend shelf life by
demonstrating noticeable activity in several Gram-positive and Gram-negative bacteria strains.
Hexanal interacts with the cytoplasmic membrane of microorganisms and increase membrane
permeability and cell death.25

7

Figure 1.4

Chemical structure of (a) allyl isothiocyanate, (b) carvacrol, (c) thymol, (d) transcinnamaldehyde and (e) hexanal

The detailed properties of the abovementioned natural essential oils are summarized in Table
1.1. Food industries are highly interested in EOs due to their relatively safe status and properties,
which are also accepted by consumers. However, a slight amount of EOs added into the food can
change their acceptability because of their intense flavors, which limits their usage as
preservatives directly in food. Therefore, using EOs as natural antimicrobial agents in food
packaging has been an excellent alternative to the direct incorporation of EOs in food. EOs
exhibit lipophilicity and immiscibility in water. Moreover, EOs are prone to chemical
degradation under varying temperatures and the presence of oxygen and light.26 Therefore,
complexation is an effective way to prevent instability of EOs and mask undesirable flavor by
entrapping hydrophobic EOs into the inner cavity of shell/host molecules.13

8

Table 1.1

1.2

Properties of natural antimicrobial agents
Natural Antimicrobial

Molar mass

Boiling

Density

Agent

(g/mol)

point (°C)

(g/cm3, 20 °C)

Allyl isothiocyanate

99.15

151

1.02

Carvacrol

150.22

237

0.98

Thymol

150.22

232

0.96

trans-Cinnamaldehyde

132.16

248

1.05

Hexanal

100.16

130

0.82

Shell materials
Materials used for the design of shells in encapsulation and complexation should provide

maximal protection of active substances against undesirable reactions by forming a barrier
between the internal substances and surroundings. Also, the shell materials should be capable of
holding active substances within microcapsules and inclusion complexes during processing and
storage.
Polymers as shell materials significantly promote the protection of active substances from
undesirable reactions, aggregation, and leaking. In particular, petroleum-based synthetic
polymers for containers can stabilize reactive substances from the environment and external
stimuli. However, despite the facile synthetic pathway, flexibility, and permeability of synthetic
polymers, the exploitation of the non-renewable and non-degradable petro-based resources has
posed increasing concerns on toxicity, CO2 emission, global warming, and climate change.27 The
dependency on petrol-based polymers can be reduced by natural polymers featuring
biodegradability, renewability, environmentally friendliness, abundance, and sustainability.

9

Natural polymers including cellulose, starch, and gum Arabic have been used for encapsulation
and complexation of active materials.28–30
1.2.1

Cellulose Nanofibril

According to the sustainable and renewable trends in the industry and recent literature,
cellulose has been seen as a promising alternative to petroleum-derived polymers. Cellulose is
one of the most abundant polysaccharides from nature with over 1011 tons of annual
production.31 Cellulose can be obtained from marine animals, algae, fungi, and bacteria but
mostly from plants. The majority of wood cell walls consist of cellulose, hemicellulose, and
lignin. Cellulose represents 35-50% of the dry weight of lignocellulosic biomass and plays an
important role in the plant cell wall structure.32 Figure 1.5 shows a hierarchical structure of
cellulose obtained from wood.33 Cellulose consists of a long chain polymer with repeating units
of simple sugar, β-D-glucose (C6H10O5), containing three active hydroxyl groups. Depending on
the cellulose source, the number of glucose units can be up to 20000.33

10

Figure 1.5

Schematic of the tree hierarchical structure. Adapted from Moon et al. 201133

Cellulose nanomaterials, including bacterial nanocellulose (BNC), cellulose nanocrystals
(CNCs), and cellulose nanofibrils (CNF), are engineered cellulose featuring nanosize, high
surface area, and high-density surface hydroxyls.31,34 Depending on the cellulose source and
isolation method, all types of nanocellulose have nanoparticles with different widths and lengths.
While BNC is produced by bacterial biosynthesis, CNC is produced through chemical
processes.31 CNF is long flexible cellulose nanofibrils made through the mechanical
disintegration of plant fibers and consists of crystalline and amorphous regions. The lengths of
CNF are several micrometers, while the widths can be 2-3 nm. CNF has a large surface-area-to-

11

volume and high density of surface hydroxyls, which allows for the stabilization of poorly
soluble drugs in water and makes it applicable as a thickener and emulsifier.35
1.2.2

Beta-cyclodextrin (βCD)

Cyclodextrins (CDs) are cyclical oligosaccharides with donut shapes derived from starch.
They contain six (α-CD), seven (β-CD), or eight (γ-CD) glucopyranose units linked by α-1,4
glycosidic bonds.13,26 These CDs are non-toxic and entirely metabolized by colon microflora.
Among these, beta-cyclodextrin (βCD) has been the most attractive due to its commercial
availability and usage as a flavor carrier and protectant in various food products since 1998.36
βCD is acceptable in most industrial purposes and consumed by humans as food ingredients.13
βCD has a unique structure with a hydrophobic interior and a hydrophilic exterior.26 The detailed
chemical structure of βCD is shown in Figure 1.6. Secondary hydroxyl groups (C2 and C3
positions) of βCD are located on the wider edge of the ring while the primary hydroxyl group
(C6) is on the other edge, resulting in βCD with the hydrophilic outside, which can be partially
dissolved in water. The apolar C3 and C5 hydrogens and ether-like oxygens are located inside
the torus-like molecule and provide a hydrophobic matrix.37 βCD is an attractive host molecule
for a wide range of solid, liquid, and active gaseous substances due to its suitable cavity size,
which are 0.65 nm and 15.4 nm for inner and outer diameters, respectively.12,38
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Figure 1.6

1.3

Chemical structure of beta-cyclodextrin. Adapted from Del Valle E.37

Encapsulation and complexation

1.3.1

Encapsulation

Emulsions are generally obtained by fine dispersion of liquid into another immiscible or
insoluble liquid through high energy shearing.31 Emulsions are most commonly used for drug
delivery, cosmetics, the food industry, and pharmaceuticals.39 Pickering emulsions, oil-in-water
(O/W) or water-in-oil (W/O), stabilize the oil-water interface by using solid particles. An oil-inwater (O/W) Pickering emulsion is created by stabilizing hydrophobic moieties dispersed in
water with solid particles irreversibly adsorbed at the oil-water interface.40 The stabilization of
solid particles at the oil-water interface is generally considered to be directed by the wettability
of the particles.41 Pickering emulsions can be obtained by a different technique such as
ultrasonication, homogenizing, and high-shearing mixing.31
Ultrasonication is a useful technique for the synthesis of Pickering emulsions by using
emulsification and cavitation processes.42,43 Emulsification alone is insufficient to form long13

lived microspheres. After initial emulsification, in the ultrasonication process, different ideas
have been proposed as possible mechanisms for stabilization of microspheres via the shell
formation. Several studies agreed that high-intensity ultrasound induced emulsification, and the
interaction of the free radicals on solid molecules led to cross-linking.43–45Avivi and Gedanken
also reported a different mechanism in that the hydrophobic interaction, which gave more
condensed structure, and thermal denaturation assisted the formation of microspheres after initial
ultrasonic emulsification.46
Employment of the sonochemical technique in encapsulation has recently garnered much
interest among researchers. Makino et al. have produced bovine serum albumin (BSA) capsules
containing organic solvent using an ultrasound irradiation technique by varying the time of
ultrasound and concentration of BSA to increase microencapsulation.47 Teng et al. have
fabricated polyglutamate/polyelectrolyte containers filled with water-insoluble liquid by a
combined ultrasonic treatment and a layer-by-layer approach used in drug delivery.48 Cavaileri et
al. have synthesized stable and functional lysozyme microbubbles by high-intensity ultrasound
and crosslinking of chemically reduced lysozyme by varying lengths of sonication and
denaturation.44 Borodina et al. have produced a mixture of chitosan and xanthan gum
microcontainers through one-step ultrasound treatment by varying oil/water ratios to synthesize
different sizes of microcapsules.43
1.3.2

Complexation

In the complex formation, the inner cavity of βCD acts as a host molecule to hold guest
molecules. Hydrophobic guest molecules replace the water molecules inside the cavity of βCD
without breaking any covalent bonds.37 βCD can entrap hydrophobic molecules into its inner
cavity by Van der Waals force, hydrophobic and dipole-dipole interactions.49 Dimensional fit
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between host and guest molecules, types of cyclodextrins, host-guest ratio, preparation
technique, and drying methods are important parameters to form βCD-based inclusion
complexes.50
Functions of the inclusion complexes of guest molecules with βCD include: 1) enhance the
solubility of guest molecules and their stability against oxidation, heat, visible and/or UV light,
2) reduce microbial contamination, 3) control volatility and release of flavors, and 4) mask
unpleasant odors.51,52 Therefore, βCD inclusion complexes have been used for various
applications such as food packaging, cosmetics, pharmaceuticals, and the textile industry.49 βCD
is reported to form a water-soluble inclusion complex through the complexation of EOs, which
would protect volatile EOs.11 Prior research substantiates that βCD is a promising shell material
for the complexation of EOs. In particular, the complexion of EOs into βCD as an antimicrobial
agent for foodborne pathogens has been reported in the literature.12,51,53 For example, Sun et al.
incorporated the complex of EO-βCD into chitosan films and the antimicrobial activities of the
film against Escherichia coli, Salmonella typhimurium, Staphylococcus aureus, and Listeria
monocytogenes were reported.12 The antimicrobial activity of EO-βCD against Salmonella
enterica and Listeria innocua was studied by Hill et al.51,53 The EO-βCD complexes inhibited
both bacterial strains at a lower concentration than free EO probably due to increased water
solubility of the complexes, which enhanced the contact between EOs and pathogens. Tao et al.
synthesized thymol-βCD inclusion complexes using kneading and freeze-drying method and
reported that inclusion complexes of thymol with βCD effectively inhibited the growth of
Escherichia coli K12.53
The co-precipitation method is one of the most common techniques to form inclusion
complexes with βCD. A hydrophobic guest molecule is dissolved into an organic solvent and
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then slowly replaced with water molecules present in the inner cavity of the host βCD to form
the inclusion complex. As a result of complexation, an inclusion complex consisting of a
hydrophobic guest inside a host becomes more hydrophobic and precipitated. However, because
of a long reaction time and often poor yield, the co-precipitation method is not suitable for largescale production.54 A sonochemical method can be an effective way to produce inclusion
complexes to stabilize hydrophobic active substances. In the sonochemical technique, highintensity ultrasound fosters the entrapment of a hydrophobic core into the cavity of βCD to form
the inclusion complex. There is no need for a catalyst, emulsifier, or external heat to create
complexes in this technique. Research on the complexation of EOs-βCD using ultrasonication is
scarce to the best of our knowledge. The effectiveness of EOs as antimicrobial agents could be
improved by controlling process conditions through the sonochemical technique.
1.4

Overview and organization of the dissertation
The introduction and literature survey of hydrophobic core materials, shell materials, and

the synthesized methods of microcapsules and inclusion complexes are presented in Chapter 1.
Two different hydrophobic core materials, PCM and EOs, and shell materials, CNF and βCD,
will be used in this dissertation. Microcapsules and inclusion complexes will be synthesized with
the same technique. In Chapter 2, the detailed experimental methods, including preparation of
CNF, synthesis, and confirmation of PCM-CNF microcapsules and EOs-βCD inclusion
complexes, are described.
Chapter 3 introduces the synthesis of PCM-CNF microcapsules using the sonochemical
technique and examines the dependence of the different CNF concentrations in water and waterto-oil ratios on the size the PCM-CNF microcapsules. Also, the characterization of the PCMCNF microcapsule as thermal energy storage materials is provided. In Chapter 4, detailed
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information about incorporating the PCM-CNF microcapsules into TOCNF films is introduced,
and the morphological and thermal properties of TOCNF-PCM films are shown. Chapter 5
presents the EOs-βCD inclusion complexes synthesized by using sonochemical technique and
their antimicrobial effects against E. coli. The summary of this dissertation and recommendations
for future work are presented in Chapter 6.
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CHAPTER II
EXPERIMENTAL DETAILS
2.1

Materials
Microfibrillated cellulose (Exilva F 01-V) was kindly supplied from Borregaard, Norway. n-

Hexadecane (99%) was purchased from Alfa Aesar and used without further purification.
2,2,6,6-Tetramethylpiperidine 1-oxyl radical (TEMPO, 98%), beta-cyclodextrin (βCD, 98%),
thymol (TM, 99%), trans-cinnamaldehyde (TC, 99%) were purchased from Acros Organics.
Allyl isothiocyanate (AITC, 95%) and hexanal (HN, 98%) were purchased from Sigma-Aldrich
while carvacrol (CV, 98%) was supplied by TCI America. Other chemicals such as NaBr,
NaClO, NaOH, and HCl were purchased from Sigma-Aldrich. All chemicals were used as
received without further purification. Escherichia coli S17-1 was provided from University of
Florida.
2.2

Preparation of CNF
Aggregates were removed from Exilva microfibrillated cellulose by using a vortex mixer

(Scientific Industries Vortex-Genie2-10V), followed by centrifugation at room temperature
(Beckman Coulter, Avanti JE 14.50 Rotor). In a typical example, 4 g of 2 wt% Exilva
microfibrillated cellulose (80 mg of dry cellulose) in water was diluted to 0.2 wt% by adding
deionized water, followed by a vortex mixing at 3200 rpm for 1 h. The suspension was then
centrifuged at 1500 rpm for 15 min, after which a supernatant and a precipitate were collected
separately. The precipitate was completely dried in an oven and its weight was measured to
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calculate the concentration of the supernatant, an aqueous cellulose nanofibrils (CNF)
suspension. Individual nanofibers of CNF were drop-cast onto a silicon wafer and observed by
atomic force microscopy (AFM, Dimension Icon with ScanAsyst).
2.3

Synthesis of PCM-core CNF-shell microcapsules
The PCM-CNF microcapsules were prepared using a sonochemical method. 10 g of n-

hexadecane as PCM was added into 20 g of 0.3% CNF in water, which made 2:1 water-to-oil
ratio. Various concentrations of aqueous CNF suspensions (0.1, 0.2, 0.3, 0.4, 0.5, and 0.75%)
were prepared to investigate the effect of the CNF concentration on the microcapsule formation.
During the sonochemical synthesis, various water-to-oil ratios (e.g., 1:1, 1.5:1, 2:1, 3:1, and 4:1)
were applied to CNF suspensions whose concentrations were 0.3% and 0.4%. High-intensity
ultrasonication was applied at a power level of 50% for 5 min by using Tekmar Ultrasonic
Processor (TM 750, 13 mm probe, 750 Watt) with an ultrasound probe positioned at the oilwater interface. The solution became milky white within five minutes of ultrasonication,
indicating the formation of Pickering emulsions. After the 5-min ultrasonication, the entire
solution was centrifuged at 2000 rpm for 3 min, which sped up the separation of the
microcapsules by gravity from the top and bottom layers of oily PCM and water, respectively.
The middle layer containing the PCM-CNF microcapsules was carefully collected and stored in a
sealed container for further analyses. For TGA, FTIR, and SEM, the microcapsules were placed
into a freezer at -18 °C for 24 h, followed by freeze-drying (Labconco FreeZone Plus 4.5-Liter)
at -80 °C under 0.018 mBar for two days. After the sonochemical synthesis, the unreacted PCM
at the top layer as well as the CNF remaining at the bottom layer were weighed, and were used to
estimate the mass balance of the PCM-CNF microcapsules.
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Synthesis of EOs-guest βCD-host inclusion complexes

2.4

EOs-βCD inclusion complexes were prepared using the sonochemical method. βCD solution
(3% w/v) was prepared by dissolving βCD in distilled water at 55 °C and then EOs was added
dropwise at a molar ratio of EOs to βCD at 10:1. The solution was ultrasonicated by using the
Tekmar Ultrasonic Processor (TM 750, 13 mm probe, 750 Watt). During sonochemical
synthesis, 25 % power level was applied for 2 min for each EOs to obtain EOs-βCD inclusion
complexes. The ultrasound probe positioned at the oil-water interface. After ultrasonic treatment,
the centrifugation was used at 2000 rpm for 3 min to separate inclusion complexes from free EOs
on the top layers. The bottom layer containing the EOs-βCD inclusion complexes was frozen
rapidly by liquid nitrogen, and further freeze-dried at -80 °C under 0.018 mBar for 36 h. The
obtained lyophilized powders of the EOs-βCD inclusion complexes were stored in a desiccator
for further measurements.
2.5

Characterization

2.5.1

Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra were recorded using a Perkin-Elmer Spectrum Two spectrophotometer over the
range of 400 to 4000 cm-1 with a resolution of 4 cm-1.
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2.5.2

Thermal gravimetric Analysis (TGA)

TGA (Thermo Scientific SDT Q600) was carried out for the determination of PCM loading
and the observation of the thermal stability of the PCM-CNF microcapsules and TOCNF
composite films containing the microcapsules. The specimen with a mass of about 10 mg was
placed in an alumina crucible. A thermal scan was conducted from room temperature up to 600
°C with a heating rate of 10 °C/min in a flowing nitrogen atmosphere (99.99%, 100 ml/min)
under ambient pressure.
The PCM loading of the TOCNF-PCM films was estimated using the following equation:

𝑃𝐶𝑀 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (%) =

𝑀𝑛𝑒𝑎𝑡 𝑇𝑂𝐶𝑁𝐹 − 𝑀𝑇𝑂𝐶𝑁𝐹−𝑃𝐶𝑀
𝑀𝑛𝑒𝑎𝑡 𝑇𝑂𝐶𝑁𝐹

(2.1)

where, 𝑀𝑛𝑒𝑎𝑡 𝑇𝑂𝐶𝑁𝐹 and 𝑀𝑇𝑂𝐶𝑁𝐹−𝑃𝐶𝑀 were the residual mass of neat TOCNF film, and 50 and
80% TOCNF-PCM films, respectively, at 600 °C.
The thermal stability and inclusion yield of EOs in βCD was also determined by using TGA.
The same procedure mentioned above was applied. The amount of complexed EOs in EOs-βCD
inclusion complexes was estimated by the method previously reported by Cai et al.17 The weight
percent difference of EOs-βCD inclusion complexes between 100 and 280 °C in TGA was
calculated using Equation (2),
𝑊𝐸𝑂𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑑 (%) = 𝑊𝐸𝑂−βCD@100 (%) − 𝑊𝐸𝑂−βCD@280 (%)
(2.2)
where WEO-βCD@100 and WEO-βCD@280 are weight percents of complexed EOs in the EOs-βCD
inclusion complexes at 100 °C and 280 °C, respectively.
The theoretical maximum of EOs complexed in βCD (WEO theoretical) is known to be 1 mol of
EOs in 1 mol of βCD, which is equal to 80.3 mg for AITC, 104.3 mg for TC, 116.9 mg for CV,
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80.9 mg for HN, and 116.9 mg for TM per 1 g of the EO-βCD inclusion complex. The inclusion
yield was calculated using Equation (3).

𝐼𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 (%) =

2.5.3

𝑊𝐸𝑂𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑑 (𝑔)
× 100
𝑊𝐸𝑂𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 (𝑔)

(2.3)

Scanning electron microscopy (SEM)

Morphology of the PCM-CNF microcapsules, TOCNF composite films containing the
microcapsules, and EOs-βCD inclusion complexes were observed using a field-emission
scanning electron microscope (JSM-6500F, JEOL USA) at a 5 kV accelerating voltage. The
specimen was sputter-coated with a 10-nm thick layer of platinum before imaging. Moreover, the
particle size distribution of PCM-CNF microcapsules with various concentrations and water-tooil ratios was determined using ImageJ analysis, which performed at least a hundred
measurements for each sample.
2.5.4

Confocal laser scanning microscopy (CLSM)

The presence and size distribution of the microcapsules was confirmed by CLSM (Axiovert
200 M) employing Nile Red (NR) as a lipophilic fluorescent stain. A stock solution of NR in nhexadecane (0.5 wt%) was prepared and covered by aluminum foil to prevent photobleaching.
NR-dyed n-hexadecane was used for the synthesis of the PCM-CNF microcapsules, following
the same steps mentioned above. The dyed PCM-CNF microcapsules were diluted by a factor of
10 with water for CLSM imaging. The excitation wavelength in the CLSM spectra was 543 nm.
The emission spectrum was collected using an LP 560 (Long Pass) filter. At least five images of
each sample were used to conduct statistically meaningful analysis using ImageJ, which
performed at least hundred measurements for each sample.
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2.5.5

Surface coverage of PCM-CNF microcapsules

The surface coverage of the PCM-CNF microcapsules was estimated by the procedure
previously proposed by Gautier et al. and Kalashnikova et al., 40,55 in which the surface coverage,
C, of an O/W emulsion/microcapsule can be expressed as

𝐶=

𝑚𝑝 𝐷
6ℎ𝜌𝑉𝑜𝑖𝑙

(2.4)

where 𝑚𝑝 is the mass of dry CNF, D is the diameter of the microcapsule, h and ρ are the
thickness and density of CNF, respectively, and 𝑉𝑜𝑖𝑙 is the volume of PCM in the microcapsule.
2.5.6

Differential Scanning Calorimetry (DSC)

For DSC (TA Instrument, Q20 V24.11) analysis, neat PCM and the PCM-CNF
microcapsules with the weight of 8.4 and 8.2 mg, respectively, were placed in a Tzero aluminum
hermetic pan. Also, 50 and 80 % TOCNF-PCM films with the weight of 6.9 and 7.1 mg,
respectively, were used for the analysis. DSC scans were performed under nitrogen gas with a
flow rate of 50 mL/min. Up to 200 cycles were performed between -20 and 45 °C with the
following steps: (1) equilibrium and hold for 1 min at -20 °C, (2) heating from -20 to 45 °C at 10
°C/min, (3) hold for 1 min at 45 °C, and (4) cooling from 45 to -20 °C at 10 °C/min.
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CHAPTER III
MICROENCAPSULATED PHASE CHANGE MATERIAL VIA PICKERING EMULSION
STABILIZED BY CELLULOSE NANOFIBRILS FOR THERMAL ENERGY STORAGE
3.1

Motivation
A phase change material (PCM) absorbs, stores, and releases a large amount of energy as a

form of latent heat.56 Among different types of PCMs (e.g., organic, inorganic, and eutectic
mixture), organic PCMs have been widely implemented in various applications such as thermal
comfort in buildings, solar heating systems, thermal protection, air conditioning, transportation,
thermal regulated textiles, and electronic devices.56 Organic PCMs exhibit good thermal and
chemical stability, reasonably high latent heat of fusion (>200 J/g), and minimal supercooling
during phase transitions.2,5 Furthermore, the temperature range of melting and crystallization
lying within 0 – 65 °C makes organic PCMs suitable for household heating and cooling
applications.6 However, undesirable reactions and leaking may restrict widespread applications
of organic PCMs when undergoing solid-liquid phase transitions.5 In this regard, shape-stabilized
PCM (ss-PCM) has recently gained much attention, which would maximize energy performance
of organic PCMs.
Depending on materials designs and dimensions, approaches for ss-PCM involve the
confinement of PCM in core-shell (0D), longitudinal (1D), interfacial (2D), and porous template
(3D) structures.8 Among these approaches, using the core-shell structure is a promising one to
stabilize organic PCMs with a shell material that will provide structural integrity and stability,
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and improved heat transfer rate.5 Petroleum-based synthetic polymers, such as polyethylene,
polyurethane, and epoxy, have often been employed to encapsulate PCMs because of their facile
synthetic pathways, flexibility, and permeability. However, they are primarily from nonrenewable resources and non-biodegradable.27 Natural and biodegradable polymers such as
cellulose, starch, and gum Arabic may substitute the petroleum-based polymers in this regard.28–
30

In particular, cellulose nanomaterials, including bacterial nanocellulose (BNC), cellulose

nanocrystals (CNC), and cellulose nanofibrils (CNF) have garnered much interest as an
interfacial stabilizer for the encapsulation of PCM because of their nanoscale size, inherent
amphiphilic structure, abundance, and sustainability.31,57
Since the first report of the cellulose nanomaterial from bacterial nanocellulose serving as an
stabilizer for oil-water interfaces by Capron and co-workers,40 there have been many reports on
using CNC or CNF (native or surface-modified), or the combination of CNF, CNC, and/or other
polymers as the interfacial stabilizer for Pickering emulsions to encapsulate PCM.58,59 In
particular, CNF’s ability to form strong networks along with its amphiphilic property makes
CNF suitable for the emulsion stabilizer for microencapsulation.60 Svagan et al. reported the
enhanced mechanical stability of hexadecane-core capsules by incorporating CNF and CNC into
the aromatic polyurea capsule walls.59 Gestranius et al. compared O/W emulsions by stabilizing
dodecane with unmodified CNF, TOCNF, and CNC.60 Kalashnikova et al. compared Pickering
emulsions stabilized by CNCs with various aspect ratios from 13 to 160, showing the longaspect-ratio CNC particles led to an interconnected network of droplets with the surface
coverage of <50%.61 TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl radical)-oxidized CNF
stabilized paraffin-core microcapsules were fabricated and integrated into a CNF matrix, which
showed a thermal regulation function for energy-efficient buildings.58 However, there is still
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limited knowledge about energy storage characteristics and rheological properties of CNF-based
Pickering emulsions encapsulating PCM.
In this chapter, microcapsules consisting of a n-hexadecane PCM core and a CNF shell via
O/W Pickering emulsions through high-intensity ultrasonication are presented. The morphology
and size distribution of the microcapsules were examined by CLSM and SEM. The formation of
the PCM-CNF microcapsule was further confirmed by Fourier transform infrared (FTIR)
spectroscopy. The surface coverage of the microcapsules by CNF particles was estimated to be
as high as 67%, which aligned with porous morphology of the freeze-dried microcapsules in
SEM images. The PCM-CNF microcapsule with the PCM loading of 59% exhibited thermal
energy density of 132.5 J/g (upon heating) and 141.1 J/g (upon cooling) as stored and released
energy, respectively, after 200 cycles of heating and cooling from -20 to 45 °C with loss of ~1%.
The storage modulus of the microcapsule slurry showed an order-of-magnitude change over the
phase transition temperature of n-hexadecane.
3.2

Results and discussion

3.2.1

AFM images of unmodified CNF

The PCM-CNF Pickering emulsions were prepared by a sonochemical technique, which has
recently garnered much attention among researchers because there is no need for a catalyst,
emulsifier, or external heat.43,47,48 AFM was used to determine the thickness of the unmodified
CNF, which was estimated to be 40 nm in Figure 3.1.
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Figure 3.1

3.2.2

AFM images of unmodified CNF: (a) in 5 μm x 5 μm; (b) in 2 μm x 2 μm
including two section lines in white; (c) AFM section profiles for the lines in (b)
showing the thickness of individual CNF to be 40 nm.

Formation of PCM-CNF microcapsule

After the high-intensity ultrasonication and the low-speed centrifugation, the formation of the
PCM-CNF microcapsules was easily seen in Figure 3.2. The density difference between PCM
(n-hexadecane), the PCM-CNF microcapsules, and CNF yielded three separate layers. The
presence of an opaque middle layer sandwiched by the oily PCM and aqueous CNF suspension
layers confirmed the formation of the PCM-CNF microcapsules. I noted that the stable PCMCNF microcapsules were made only when the concentration of CNF was between 0.2 and 0.5%.
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Figure 3.2

3.2.3

Photograph of the CNF and PCM mixture after the high-intensity ultrasound
treatment followed by centrifugation at 2000 rpm for 3 min, showing the
separation of PCM-CNF microcapsules from pristine PCM and CNF suspension
due to the density difference.

Morphology of PCM-CNF microcapsule by CLSM and SEM

CLSM was used to determine the formation of the PCM-CNF microcapsules, as well as the
overall shape and the size distribution of them. To investigate the nature of the core and visualize
the shape of the microcapsule, PCM was dyed with a fluorescent Nile Red dye before the
sonochemical synthesis. Low- and high-magnification CLSM images in Figure 3.3 show the
presence of the core-shell structure, consisting of a red-fluorescent core and a non-fluorescent
shell, which indicate that the PCM core was encapsulated and stabilized by a CNF shell, leading
to the PCM-CNF Pickering emulsions. The microcapsules were in a spherical shape and the size
of the microcapsules was biggest (12 ± 3.4 μm in average size) with the conditions of 0.3% CNF
concentration and 2:1 water to oil ratio (Figure 3.3b).
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Figure 3.3

CLSM images of the PCM-CNF microcapsules with various CNF concentrations:
(a) 0.2%, (b) 0.3% with an inset image taken using the high-magnification
overlapping mode, (c) 0.4%, and (d) 0.5%. Water to oil ratio was 2:1

The morphology and overall shape of the PCM-CNF microcapsules with various CNF
concentrations were further investigated by SEM (Figure 3.4). I note that all the microcapsules
were freeze-dried before SEM imaging. As shown in the CLSM images, the microcapsules
exhibit an overall spherical shape. However, the microcapsules after freeze-drying exhibit a
porous shell structure and appear to be connected to each other, which may be the result of the
self-assembled cellulose nanofibrils during freeze-drying. As reported by Jiang et al., free water
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in the CNF shell of the microcapsules would form ice crystals during freeze-drying. The
sublimation of the ice crystals during freeze-drying would leave pores on the shell of the
microcapsules and self-assembled CNF, which may result in the porous shell structure.62
Additionally, Pickering emulsions stabilized by high-aspect-ratio cellulose nanoparticles have
been reported to form a cluster-like structure consisting of partially covered Pickering emulsion
droplets that are interconnected to each other by fiber-like cellulose nanoparticles.61,63 Likewise,
the SEM images of the freeze-dried microcapsules show the networking organization of droplets
as described by Capron et al.55Among the microcapsules based on the four different CNF
concentrations from 0.2 to 0.5%, the one from 0.3% CNF appears to be the biggest in size with a
more distinguishable spherical shape and less porous morphology than the other microcapsules.
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Figure 3.4

3.2.4

SEM images of the PCM-CNF microcapsules with various CNF concentrations in
water: (a) 0.2%, (b) 0.3%, (c) 0.4%, and (d) 0.5%. Water-to-oil ratio was 2:1

Formation of PCM-CNF microcapsule by FTIR

The formation of the PCM-CNF microcapsules was further confirmed by FTIR. Figure 3.5
shows the FTIR spectra of n-hexadecane as PCM, unmodified CNF, and the PCM-CNF
microcapsule, which was prepared from the 0.3% aqueous CNF suspension with the 2:1 waterto-oil ratio. The peaks at 2921 and 2853 cm-1 belong to C-H stretching vibration, which can be
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observed in the spectra of PCM and the PCM-CNF microcapsules (Figure 3.5a and 3.5c).
Besides, the peak at 1466 cm-1 in PCM represents the bending vibration of C-H. The broad peak
at 2922 cm-1 in the CNF belongs to the stretching vibration of C-H bonds in glucose units, which
is overlapped with the sharp C-H stretching peaks of the PCM in the PCM-CNF microcapsule in
Figure 3.5c. The intermolecular bonded O-H stretching is observed at 3550 – 3200 cm-1 in both
unmodified CNF and the PCM-CNF microcapsule, which indicates ultrasonication did not
eliminate intermolecular hydrogen bonds in the CNF. The peaks at 1055 and 1033 cm-1 in the
CNF and the PCM-CNF microcapsule can be assigned to the stretching of C-O. Additionally, in
the CNF fingerprint region of 800-1400 cm-1, the spectral characteristics of the CNF and the
PCM-CNF microcapsule are similar. The presence of all these corresponding peaks confirms that
the PCM-CNF microcapsules were successfully prepared by ultrasonication.

32

Figure 3.5

3.2.5

Fourier transform infrared (FTIR) spectra of (a) n-hexadecane as PCM, (b)
unmodified CNF, and (c) the PCM-CNF microcapsule prepared from the 0.3%
aqueous CNF suspension with the 2:1 water-to-oil ratio

The droplet size and surface coverage of PCM-CNF microcapsules

The average droplet size of the PCM-CNF microcapsules as a function of the CNF
concentration is shown in Figure 3.6. The average size and the standard deviation of the PCMCNF microcapsules were determined by ImageJ analysis using CLSM and SEM images. From
the CLSM images, the size of the PCM-CNF microcapsules was determined to be 5.4, 11.9, 5.9,
and 3.6 μm when the concentration of CNF was 0.2, 0.3, 0.4, and 0.5%, respectively. From the
SEM images, the average diameter of the PCM-CNF microcapsules was estimated to be 3.4, 7.5,
4.4, and 3.3 μm for 0.2, 0.3, 0.4, and 0.5% of the CNF concentration in water, respectively. The
size of the PCM-CNF microcapsules for each concentration estimated by the SEM images was
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smaller than the results from the CLSM images. We believe this is due to the aggregation of the
CNF shell and associated partial collapse of the microcapsules during freeze drying, which
probably reduced the overall size of the microcapsules. This size range of the microcapsules is
comparable to the overall size of O/W Pickering emulsions/microcapsules stabilized by cellulose
nanoparticles (e.g., cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), and bacterial
nanocellulose (BNC)) reported in the literature.31,64,65
Regardless of whether it was determined by the CLSM or SEM images, the size of the PCMCNF microcapsules remained similar from 0.2 to 0.4% CNF concentration with the exception of
0.3% and slightly decreased when the CNF concentration was further increased to 0.5%. This
trend, i.e., reduction in the microcapsule size with the increasing amount of CNF particles, may
be explained by a limited coalescence process or by the stabilization of coalescing PCM droplets
by CNF particles.66,67 The coalescence of the PCM droplets generated by high-intensity
ultrasonication would continue until the amphiphilic CNF particles used in this work start to be
irreversibly absorbed at the interface between oil and water and prevent the droplets from further
growing. Saelices and Capron reported that the droplet diameter of Pickering emulsions
decreased and formed aggregates as the CNF concentration rose, which resulted in the connected
droplets by long-length CNF fibers.68 Similarly, Ojala et al. reported the similar trend in the size
of CNF-stabilized droplets when the concentration of CNF increased from 0.05 to 0.2% with the
exception of one particular CNF concentration of 0.1%, in which the biggest droplet size was
obtained.69 We believe that the competition between viscosity of the CNF suspension and the
amount of CNF particles would dictate the size of O/W emulsion droplets stabilized by CNF.
When the viscosity of the CNF suspension increased, the coalescence of the PCM droplets would
be delayed due to steric hindrance of CNF particles, which may lead to the biggest droplet size of
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the PCM-CNF microcapsules at 0.3% CNF. However, a further increase in the CNF
concentration may provide the excessive amount of CNF particles, which seemed to predominate
steric hindrance of the CNF particles, limiting the coalescence of the PCM droplets and leading
to smaller droplets with the 0.4 and 0.5% CNF concentrations.

Figure 3.6

The average size of the PCM-CNF microcapsules with standard deviation as a
function of the CNF concentration with the 2:1 water-to-oil ratio, determined by
using CLSM and SEM images with ImageJ analysis
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Table 3.1
Water-

Estimated surface coverage of the PCM-CNF microcapsules
CNF

Mass of PCM in

Mass of dry CNF in

Diameter of the

the microcapsule

microcapsule*

Surface
to-oil

conc. in

the microcapsule

coverage
ratio

water

(g)

(mg)

(μm)

0.2%

0.7

13

5.4

22%

0.3%

1.6

42

11.9

67%

0.4%

1.6

61

5.9

48%

0.5%

1.1

78

3.6

55%

2:1

*

determined by using CLSM images with the ImageJ analysis.
The surface coverage of PCM-CNF microcapsule was estimated by using diameter of the

microcapsule, mass of PCM and dry CNF as shown in Table 3.1. 2:1 water to oil ratio was used
for various CNF concentration. The results showed that the highest surface coverage was 67 %
for 0.3% CNF in water. Limited surface coverage was also observed on the porous morphology
of microcapsule in the SEM images, as shown in Figure 3.4. The partially or completely covered
oil-in-water droplet could be between 40 and 100 %, depending on the source and weight of
nanocrystals.61
3.2.6

The effect of water-to-oil ratio

A water-to-oil ratio is another critical parameter that would dictate the overall stability and
size of O/W emulsions/microcapsules.43 The SEM images of the PCM-CNF microcapsules after
freeze drying with varying the water-to-oil ratio are shown in Figure 3.7. Similar to the
microcapsules with varying CNF concentrations shown in Figure 3.4, spherically shaped
microcapsules bearing a porous shell structure are connected to each other. Among all the
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microcapsules, the ones with the 1.5:1 and 2:1 water-to-oil ratios (Figure 3.7b and 3.7c) appear
to be less porous and have more discernible spherical features than the other microcapsules. The
dependence of the microcapsule size on the water-to-oil ratio is presented in Figure 3.8. The size
of the PCM-CNF microcapsules ranged from 7.4 ± 1.5 μm to 2.2 ± 0.5 μm when the water-to-oil
ratio varied from 1:1 to 4:1. Specifically, the microcapsule size decreased when the water-to-oil
ratio was greater than 2:1. Up to 2:1 water-to-oil ratio, the microcapsule size remained to be
around 7 μm. Less limited coalescence of the PCM droplets stabilized by CNF particles with
increasing water-to-oil ratio is believed to be the reason for this trend.
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Figure 3.7

SEM images of the PCM-CNF microcapsules with various water-to-oil ratios: (a)
1:1, (b) 1.5:1, (c) 2:1, (d) 3:1, and (e) 4:1. The microcapsules were made from the
aqueous 0.3% CNF suspension.
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Figure 3.8

3.2.7

Dependence of the microcapsule size on the water-to-oil ratio for the
microcapsules made from 0.3% CNF in water. Size measurement was performed
by ImageJ analysis using SEM images.

Thermal properties of microcapsules

The thermal property of the PCM-CNF microcapsules was investigated by TGA. Figure 3.9
shows the weight loss and derivative weight loss of n-hexadecane as PCM, unmodified CNF, and
the PCM-CNF microcapsule prepared from 0.3% CNF and the 2:1 water-to-oil ratio. The PCM
displayed complete weight loss at 196 °C, indicating its high volatility above 95 °C. The weight
loss of the CNF up to 250 °C was less than 10%, in which most of the weight loss before 150 °C
would be loosely bound water to CNF. The weight loss of the CNF between 300 and 350 °C was
47%, which is believed to be the thermal decomposition of CNF. The total residual mass of the
CNF at 600 °C was 18%. For the PCM-CNF microcapsule, the weight loss up to 100 °C was
39%, which is attributed to the evaporation of water in the microcapsule. The second-stage
weight loss of the microcapsule occurred between 100 and 202 °C, which accounted for 59% of
the total weight loss. The weight loss of the microcapsule in this temperature range exactly
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overlapped with the evaporation of PCM. Therefore, we estimate the PCM loading in the 0.3%
PCM-CNF microcapsule to be 59%. The remaining 2% weight loss of the microcapsule at the
higher temperature may be ascribed to the decomposition of CNF in the microcapsule. The
maximum derivative weight loss of the PCM and the PCM-CNF microcapsule appeared at 192.4
and 196.4 °C, respectively, indicating slightly enhanced thermal stability of PCM by the
microencapsulation.

Figure 3.9

Weight loss and derivative weight loss of PCM, dried neat CNF, and the PCMCNF microcapsule obtained from TGA. The microcapsule was made from 0.3%
CNF in water and 2:1 water-to-oil ratio

Figure 3.10 shows the DSC thermograms of n-hexadecane as PCM, unmodified CNF (0.3%
in water), and the PCM-CNF microcapsule from 0.3% CNF with the 2:1 water-to-oil ratio. The
central points for the melting and crystallization of PCM were 22.3 and 13.4 °C, respectively.
The onset temperatures of PCM for the melting and crystallization were 17.5 and 15.4 °C,
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respectively. Unlike the symmetric endothermic peak upon melting, the exothermic peak upon
crystallization of PCM consists of a shoulder-like minor peak and a major peak whose maxima
centered at 15.3 °C and 13.4 °C, respectively. Given the length of n-hexadecane (C-16) and the
high cooling rate (10 °C/min), we believe that the minor peak corresponds to the surface freezing
of PCM, which is an ordered alkane monolayer formed on the surface of the liquid alkanes at a
little above the freezing point of bulk PCM.71 The enthalpy of fusion of PCM ranged from 214.1
J/g (upon melting, ΔHm) to 219.8 J/g (upon crystallization, ΔHc), which are similar to the values
in the literature.7 Unmodified CNF (0.3% in water) exhibited a significant endothermic peak in
the temperature between -2 and 18 °C, which can be attributed to the melting of the frozen water
in CNF. An exothermic peak appeared at between -5 and -15 °C for the crystallization of the
bound water in CNF (not shown in Figure 3.10). The broader transition temperature ranges for
the melting and crystallization of the CNF (0.3% in water) suggests the supercooling effect
arising from the bound water in CNF.
For the PCM-CNF microcapsule, the first endothermic peak started to show up at 0.5 °C,
which was close to the onset temperature for the melting of the CNF, indicating the presence of
water in the microcapsule. The second endothermic peak started to appear at 17.5 °C similarly to
the onset temperature for the melting of PCM. The onset temperature of the PCM-CNF
microcapsule for crystallization was 15.4 °C, which was also very close to the onset temperature
of the PCM crystallization. The endothermic peaks corresponding to the melting of PCM in the
microcapsule remained similar up to 120 cycles but started to shift into a lower temperature
thereafter. The exothermic peaks accounting for the crystallization of PCM in the microcapsule
exhibited a more complex shape than that of bulk PCM, showing three overlapping exothermic
peaks centered at 15 °C, 12.5 °C, and 7.5 °C, respectively, for the 3rd heating/cooling cycle
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shown in a black line in Figure 3.10. The first peak at 15 °C is attributed to the surface freezing
of PCM droplets confined in the microcapsule. The second and third peaks may correspond to an
intermediate-structured crystalline phase between liquid and a fully ordered crystalline phase,
which is called as a rotator or plastic phase, in which a long-range positional order exists while
preserving certain mobility to rotate.70,71 These new intermediate rotator phases are believed to
be caused by a disturbed molecular packing of high-number alkane under confinement,72,73
which would not have been detected for high n-alkanes in bulk or loosely confined
geometries.74As the heating/cooling cycles progressed, all the three exothermic peaks gradually
shifted into a higher temperature, which substantially intensified after 120 cycles as was the case
for the endothermic peaks. The overall shape change of the both endo- and exothermic peaks
particularly after 120th cycles may suggest coalescence of droplets stabilized by CNF particles.
The PCM-CNF microcapsule exhibited ΔHm and ΔHc values of 130.3 J/g and 139.1 J/g,
respectively, after 200 repeated heating/cooling cycles between -20 and 45 °C. The initial stored
and released thermal energy of the PCM-CNF microcapsule after the first cycle were 132.5 J/g
(ΔHm) and 141.1 J/g (ΔHc). The thermal energy loss of the PCM-CNF microcapsules after 200
heating/cooling cycles was only around 1 %. I note that the sum of the enthalpies from the
microcapsule remained approximately equal while the overall shape of the peaks substantially
changed.

42

Figure 3.10

3.2.8

DSC thermograms of unmodified CNF (0.3% in water), PCM (n-hexadecane), and
the PCM-CNF microcapsule prepared from 0.3% CNF in water with the 2:1 waterto-oil ratio up to 200 cycles of heating and cooling.

Conclusions

In summary, we have demonstrated that the microencapsulation of n-hexadecane as PCM via
Pickering emulsions stabilized by unmodified CNF through a sonochemical technique for a
sustainable thermal energy storage material. CLSM and SEM study confirmed the maximum size
of the microcapsules to be 12 ± 3.4 μm for 0.3% CNF in water and 2:1 water-to-oil ratio along
with the surface coverage of 67% for the CNF-stabilized Pickering emulsion. The resulting
PCM-CNF microcapsules contained the maximum PCM loading of 59%, which translated into
132.5 J/g (upon heating) and 141.1 J/g (upon cooling) stored and released energy density with
~1% energy loss after 200 heating/cooling cycles between -20 and 45 °C. DSC analysis indicated
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the presence of the surface freezing and intermediate rotator phases of n-hexadecane confined in
the microcapsule. The combined results suggest that the microencapsulation of PCM via CNFbased Pickering emulsions may serve as an environmentally friendly approach for the
development of thermal energy storage materials.
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CHAPTER IV
INCORPORATING PCM-CNF MICROCAPSULE INTO TEMPO-OXIDIZED FILM FOR
BUILDING APPLICATION
2,2,6,6-tetramethylpiperidine-1oxyl, known as TEMPO, belongs to the highly stable nitroxyl
or nitroxide radical class of chemical compound with the formula (CH2)3(CMe2)2NO. TEMPO is
a water-soluble and commercially available radical. In TEMPO-oxidized cellulose fibrils, C6
primary hydroxyl groups in cellulose on each microfibril surface are converted to aldehyde and
sodium carboxylate groups by oxidation.75 TEMPO-oxidized nanocellulose was reported as
multi-functional and highly individualized nanocelluloses. Also, the transparent gel could be
obtained from TEMPO-oxidized cellulose fibril using an ultrasonic homogenizer and blender.76
This study aims to incorporate PCM-CNF microcapsules into a TEMPO-oxidized cellulose
nanofibril (TOCNF) film, labeled as TOCNF-PCM, as a thermal energy storage material for
building applications. Different amounts of 0.3% CNF in water with 2:1water-to-oil ratio PCMCNF microcapsule were incorporated into a TOCNF film by vacuum filtration. SEM, TGA, and
DSC were used to determine the morphology, thermal stability, and released and stored energy
density. Nicely embedded PCM-CNF microcapsules were observed with surface and crosssectional images of SEM. The thickness and opaqueness of TOCNF-PCM films increased with
increasing amounts of PCM-CNF microcapsules. The thermal stability of PCM was enhanced by
the incorporation of the microcapsules into the TOCNF film. DSC thermograms showed that
80% TOCNF-PCM film exhibited 196.7 J/g (ΔHm) and 183.3 J/g (ΔHc) of stored and released
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energy after 200 cycles of heating and cooling between -20 and 45 °C with around 1% energy
loss.
4.1

Preparation of TEMPO-oxidized cellulose nanofibril (TOCNF)-PCM film
TOCNF was prepared through TEMPO-mediated oxidation with a minor modification.75 25

mg of TEMPO in 5 mL of deionized water was placed into an ultrasonic bath for 10 min. 250 mg
of NaBr was dissolved in 25 mL of deionized water and then mixed with the TEMPO solution. 1
wt% of CNF (2 g dry weight) in water was added into the TEMPO/NaBr mixture, and 4 mL of
13% NaClO aqueous solution was added to the mixture in a dropwise manner. The pH of the
mixture was adjusted to 10.5 with a 0.5 M sodium hydroxide solution and monitored every 20
min for 2 h. After 2 h, the pH was adjusted to 7.0 by adding 0.5M HCl. TEMPO-oxidized CNF
product was washed with deionized water and centrifuged at 5000 rpm for 15 min. The
precipitate was dispersed in water and blended by using a high-speed blender (Vitamix 5200) at
37000 RPM for up to 30 min to obtain a TOCNF suspension. A predetermined amount PCMCNF microcapsules made from the 0.3% CNF solution with the 2:1 water to oil ratio was added
into a 0.5% TOCNF solution, and then the mixture was poured into the nitrocellulose membrane
(mixed cellulose ester membrane, an average pore size of 1.2 μm) to make TOCNF-PCM films
using vacuum filtration.
4.2

Results and discussion

4.2.1

Photograph of TOCNF-PCM films

The TOCNF-PCM films were prepared by incorporating PCM-CNF Pickering emulsions
using the vacuum filtration method. PCM-CNF microcapsules were prepared from 0.3% CNF in
water with the 2:1 water-to-oil ratio. PCM-CNF microcapsules were dispersed into the 0.5%
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aqueous TOCNF suspension and a gel-like structure was obtained. The soft and flexible gel was
dried gradually, and a TOCNF-PCM film was obtained. TOCNF-PCM films that were 50% and
80% were PCM-CNF microcapsules by total weight will be named 50% and 80% TOCNF-PCM
films, respectively. Figure 4.1 shows a neat TOCNF film and 50% and 80% TOCNF-PCM films.
Neat TOCNF film is clear and transparent as shown in Figure 4.1a. 50% and 80% TOCNF-PCM
films are translucent (Figure 4.1b and 4.1c). Incorporating PCM-CNF microcapsules into the
TOCNF film decreased transparency of the film. The thickness of the neat TOCNF film was
about 21 μm as measured with a micrometer. On the other hand, the thickness of 50% and 80 %
TOCNF-PCM films were about 78 μm and 175 μm, respectively. The thickness of 80% TOCNFPCM films were higher than 50% TOCNF-PCM films, indicating that incorporating more
PCMF-CNF microcapsule increased the thickness of the films.
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Figure 4.1

4.2.2

Photograph of the (a) neat TOCNF, (b) 50% TOCNF-PCM, and (c) 80% TOCNFPCM films with around 9 cm in diameter after vacuum filtration and gradual
drying.

Thermal stability of TOCNF-PCM films

The thermal stability of TOCNF-PCM films containing the PCM-CNF microcapsules made
from the 0.3% CNF solution with a 2:1 water-to-oil ratio was characterized by TGA. Figure 4.2
shows the weight loss and derivative weight loss of n-hexadecane as PCM, a neat TOCNF film,
and 50% and 80% TOCNF-PCM films. The complete weight loss of PCM occurred at 196 °C,
which arose from the evaporation of PCM. The neat TOCNF film shows 9% weight loss at 205
°C, indicating evaporation of absorbed and intermolecular H-bonded water as well as partial
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decomposition of oxidized cellulose nanofibrils. The thermal decomposition of the neat TOCNF
film started around 205 °C in the nitrogen atmosphere, as shown in Figure 4.2, while the thermal
decomposition of neat CNF occurred at 300 °C in Figure 3.9. The formation of carboxylate
groups in TEMPO-oxidation by C6 primary hydroxyl groups could be the reason for this
reduction in the onset of thermal decomposition.76 The weight loss of TOCNF between 205 and
320 °C was 49.1%, which was probably the thermal decomposition of TOCNF. The total
residual mass of TOCNF was 27.4% at 600 °C. Similar to the neat TOCNF film, the weight loss
of the 50% TOCNF-PCM film was around 9% up to 205 °C. The weight loss of 50% TOCNFPCM film is similar to the neat TOCNF up to 205 °C, which indicates that incorporation of
microcapsule into the TOCNF film delayed evaporation of PCM in the microcapsule, improving
thermal stability of volatile PCM. After 205 °C, the 50% TOCNF-PCM film lost significantly
more weight than the neat TOCNF film due to the evaporation of PCM in the microcapsules.
The total residual mass of 50% TOCNF-PCM film is 13.4% at 600 °C. 80% TOCNF-PCM film
lost its weight of 35.5% up to 205 °C, and the remaining weight loss occurred between 205 and
270 °C due to the evaporation of PCM in the microcapsule, which accounted for 42.8% of the
total weight. 80% TOCNF-PCM film showed total residual mass of 4% at 600 °C. The
evaporation temperature of PCM in the TOCNF-PCM films shifted towards a lower temperature
when the PCM-CNF microcapsule loading was increased from 50 to 80 %. Total residual mass
of neat TOCNF film and different percentages of TOCNF-PCM films were used to estimate
PCM loading in the TOCNF films as shown in Equation (1) in Chapter 2. The PCM loading for
50% and 80% TOCNF-PCM films was calculated to be 51% and 85%, which was close to the
initial PCM loading for the TOCNF films. These results demonstrate that incorporating the
PCM-CNF microcapsules into TOCNF films increases the thermal stability of PCM confined in
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the microcapsules. Additionally, the thermal stability of 80% TOCNF-PCM film was less than
50% TOCNF-PCMF film, but TOCNF-PCM films still more stable than neat PCM.

Figure 4.2

4.2.3

Weight loss and derivative weight loss of PCM, neat TOCNF, and 50% and 80%
TOCNF-PCM films obtained from TGA

Morphology of TOCNF-PCM films

The morphology of neat TOCNF and 50% and 80% TOCNF-PCM films was examined by
SEM, as shown in Figure 4.3. The neat TOCNF film has a flat and smooth surface, as shown in
Figure 4.3a. On the other hand, microcapsule structure was observed on the surface of 50% and
80% TOCNF-PCM film in Figure 4.3c and 4.3e, respectively. We note that PCM incorporated in
the TOCNF-PCM films was stable enough that no leaking was observed in a SEM chamber or
during a sputter coating with platinum. The cross-sectional images of neat TOCNF film (Figure
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4.3b) exhibited fibrillar and layered structures of CNF assembled during the vacuum filtration
process.77 The cross-sectional SEM images of 50% and 80% TOCNF-PCM films (Figure 4.3d
and 4.3f) indicated that the microcapsules were nicely embedded into the TOCNF film. The high
magnification images of cross-sectional 50% and 80% TOCNF-PCM films are displayed in
Figure 4.4a and 4.4b, respectively. Cross-sectional TOCNF-PCM films showed an open pore
structure. With an increasing amount of the PCM-CNF microcapsules in the TOCNF film from
50% to 80%, the amount of embedded microcapsules increased (Figure 4.3d and 4.3f). The size
of embedded microcapsules and thickness of the shell in the TOCNF film was determined by
ImageJ analysis using cross-sectional SEM images. The size of embedded microcapsules for
TOCNF-PCM was determined to be 3.4 μm, which is slightly lower than the size of PCM-CNF
microcapsules as shown Figure 3.16, which may be due to compression force exerted by the
vacuum filtration process. Also, the thickness of the microcapsule shell embedded into TOCNF
film was estimated around 0.16 μm. The SEM images of TOCNF-PCM films show that PCMCNF microcapsules were successfully embedded into TOCNF film, which increased the stability
of the PCM-CNF microcapsule.
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Figure 4.3

Surface SEM images of (a) TOCNF film, (c) 50% TOCNF-PCM film and (e) 80
%TOCNF-PCM film. Cross-sectional SEM images of (b) TOCNF film, (d) 50%
TOCNF-PCM film and (f) 80 %TOCNF-PCM film
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Figure 4.4

4.2.4

High-magnification cross-sectional SEM images of (a) 50% and (b) 80% TOCNFPCM film

DSC thermograms of TOCNF-PCM films

Figure 4.5 shows the DSC thermograms of neat PCM, 50% and 80% TOCNF-PCM films. A
detailed explanation of DSC thermograms of neat PCM was demonstrated in Figure 3.10. For the
50% TOCNF-PCM film, the endothermic peaks showed up at 18.3 °C, close to the onset
temperature for the melting of PCM. The 50% TOCNF-PCM film exihibited a similar
endothermic peak with neat PCM, whose peak was sharper than that of the film. The onset
temperature of crystallization for 50% TOCNF-PCM film was 14.8 °C, which is slightly lower
than the onset temperature for the crystallization of PCM. Unlike the endothermic peak upon
melting, the low peak was observed in the exothermic peak upon crystallization of 50% TOCNFPCM film. The small peak near 14.8 °C is attributed to the surface freezing of PCM droplets in
the microcapsule which was also present in the PCM-CNF microcapsule as shown in Figure
3.20. The major second peak maxima centered at 5.4 °C. Moreover, the offset temperature of
50% TOCNF-PCM film upon crystallization was -2.2 °C, which is lower than neat PCM. The
onset and offset temperature of 80% TOCNF-PCM film upon melting is 18 and 33.6 °C,
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respectively. The exothermic peak started to appear at 14.8 °C, similarly to the onset temperature
for the melting of 50% TOCNF-PCM film. The offset temperature of the 80% TOCNF-PCM
film for crystallization was -3.7 °C, which is also lower than neat PCM and 50% TOCNF-PCM
film. TOCNF film matrix nicely packed PCM, which could be the reason for lower offset
temperature of 50% and 80% TOCNF films than neat PCM.
The enthalpy of fusion of PCM was 214.1 J/g upon heating (ΔHm) and 219.8 J/g upon
cooling (ΔHc). The initial stored and released thermal energy of the 50% TOCNF-PCMF film
was 143.8 J/g (ΔHm) and 140.1 J/g (ΔHc) after the first cycle with 67% loading. The 50%
TOCNF-PCM film showed ΔHm and ΔHc values of 143.6 J/g and 139.2 J/g, respectively, after
200 repeated heating/cooling cycles between -20 and 45 °C with only around 0.5% thermal
energy loss. 80% TOCNF-PCM film exhibited 196.7 J/g (upon heating) and 183.8 J/g (upon
cooling) stored and released energy density with 93% loading. The thermal energy loss of 80%
TOCNF-PCM film was around 1% after 200 heating/cooling cycles between -20 and 45 °C.
After the first cycle, the initial stored and released thermal energy of the 80% TOCNF-PCM film
was 199.5 J/g ΔHm and 186.9 J/g ΔHc. Table 4.1 summarized ΔHm and ΔHc and the thermal
energy loss of the TOCNF-PCM films after 200 cycles, demonstrating very high thermal energy
capability with negligible loss. Additionally, according to the energy density of neat PCM and
films, the PCM loading of 50 and 80% TOCNF-PCM films was calculated higher than the
designed PCM loading in the films, which might be due to lower initial PCM loading estimation
during TOCNF-PCM film preparation.
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Figure 4.5

DSC thermograms of neat PCM (3rd cycle) and 50% and 80% TOCNF-PCM films
(every 40th cycle) up to 200 cycles of heating and cooling.
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Table 4.1

Latent heat of fusion, ΔHm, and ΔHc of the TOCNF-PCM films and the associated
energy loss after DSC cycles.
Neat PCM

After 1st cycle

After 200 cycles

Energy Loss

4.2.5

50% TOCNF-

80 % TOCNF-

PCM film

PCM film

ΔHm

214.1 J/g

143.8 J/g

199.5 J/g

ΔHc

219.8 J/g

140.1 J/g

186.9 J/g

ΔHm

143.6 J/g

196.7 J/g

ΔHc

139.2 J/g

183.8 J/g

ΔHm

0.2 %

0.6 %

ΔHc

1.4 %

1.6 %

Conclusions

In summary, incorporating PCM-CNF microcapsules into TOCNF film enhanced thermal
stability of PCM and PCM-CNF microcapsules and could be useful as thermal energy
components for building applications. SEM imaging revealed the uniformly embedded PCMCNF microcapsules in the TOCNF film. Moreover, TGA and SEM study confirmed the
improved stability of PCM and PCM-CNF microcapsules in the TOCNF film. The highest
thermal energy density was 196.7 J/g (upon heating) and 183.3 J/g (upon cooling) as stored and
released energy for 80% TOCNF-PCM with around 1% energy loss after 200 heating and
cooling cycles. The results suggest that the TOCNF-PCM film could be used as a thermal energy
component for building applications.
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CHAPTER V
SYNTHESIS OF BETA-CYCLODEXTRIN INCLUSION COMPLEXES CONTAINING
ESSENTIAL OIL COMPONENT AS ANTIMICROBIAL AGENTS
5.1

Motivation
Microbial contamination would reduce the shelf life of food and increase the risk of

foodborne illnesses.11 Essential oils (EOs), plant-derived bioactive substances, are widely
accepted as natural antimicrobial agents to reduce the survival of microorganisms.78 EOs have
been preferred to extend the shelf life of food due to their antioxidant properties and
antimicrobial activity against foodborne pathogens.9,11 EOs exhibit lipophilicity and
immiscibility in water. Moreover, EOs are prone to chemical degradation under varying
temperatures and the presence of oxygen and light. However, volatility, pungent odor, and water
insolubility limit applications of EOs. Therefore, complexation is an effective way to prevent
instability of EOs, which would also mask undesirable flavors and odors by entrapping
hydrophobic EOs within the inner cavity of the host molecule.
Beta-cyclodextrins (βCDs) are engineered natural products from starch, one of the low-cost
bioresources and among the most abundant biopolymers on earth. βCD has a unique structure
with a hydrophobic inner cavity and a hydrophilic outer surface. βCD has commonly been
employed for encapsulation of EOs to reduce volatility, to enhance the stability and solubility of
EOs, and protect them against oxidation and heat damage. The efficacy of EOs has been reported
to remain the same as antimicrobial agents when creating an inclusion complex with βCD.12 Co57

precipitation is a commonly used technique for the complexation of EOs with βCD. The coprecipitation technique is suitable for a substance with limited water solubility to form an
inclusion complex with βCD. An organic solvent is used to dissolve a hydrophobic guest
molecule, which is then incorporated into the cavity of βCD. When the guest molecules are
complexed with the host βCD, the inclusion complex becomes hydrophobic and precipitated in
an aqueous βCD solution. Since this co-precipitation method often results in poor yields and is
time-consuming, it is not favorable for large-scale preparation.54 There is limited knowledge
about using the sonochemical technique to synthesize inclusion complexes of EOs-βCD in the
literature to the best of our knowledge. In sonochemical technique, high-intensity ultrasound may
foster the tendency of hydrophobic guest molecules entering into the cavity of βCD by the
hydrophobic interaction. Also, the effectiveness of EOs as antimicrobial agents could be
improved by controlling process conditions. Synthesis of inclusion complexes of EO-βCD
through sonochemical technique may be achieved within a shorter time frame of coreprecipitation and could be used against pathogen microorganisms.
This chapter reports inclusion complexes consisting of essential oils as a guest and a βCD as
a host through sonochemical technique. Allyl isothiocyanate, trans-cinnamaldehyde, carvacrol,
thymol, and hexanal were used as EOs, and their inclusion complexes with βCD were
investigated by chemical, morphological, thermal, and antimicrobial properties. The formation of
βCD inclusion complexes with EOs was confirmed by FTIR. The morphology of neat βCD and
EOs-βCD inclusion complexes were examined by SEM. The thermal stability of EOs was
increased by the formation of inclusion complexes with βCD. The amount of complexed EOs in
EOs-βCD inclusion complexes was estimated to be greater than 75% by TGA. The bactericidal
activity of the EOs-βCD inclusion complexes was examined against Escherichia coli (E. coli).
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5.2

Antibacterial Assessment of EOs-βCD inclusion complexes
The antibacterial activities of the EOs-βCD inclusion complexes were tested using a two-step

approach which includes (I) incubating bacteria in chemical complexes containing Lysogeny
broth (LB), a nutritionally rich medium agar, and then (II) counting the survived bacteria on
broth.79 For the initial procedure, the optical density (OD) of 3-replicates of 16 h incubated
bacterial cultures were measured with a UV-visible spectrophotometer (Thermospectronic
Biomate3). The change in turbidity as a result of inhibition was used to analyze the bacteriostatic
activity of the microorganism. The selected bacteria, Escherichia coli (E. coli), were grown
overnight at 37 °C incubators. With regards to the second sequential step, the remaining live
bacteria was recorded. All tests were repeated 2 times by 2 or 3 replicates of plates. This step
was performed to determine the bactericidal activity of the EOs-βCD inclusion complexes within
a specific time duration.
5.3

Determination of the Minimum Inhibitory Concentrations (MICs)
The MIC is the lowest concentration of EOs-βCD inclusion complexes that inhibited the

visible growth of a microorganism after 24 h incubation. The minimum inhibitory concentrations
(MICs) of each EOs-βCD inclusion complex were measured using the modified version of the
micro broth dilution method.81 The capability of different EOs-βCD inclusion complexes to
inhibit and eliminate E. coli growth was tested via two sequential steps stated above. All tests
were repeated 2 times by 3 replicates of plates.
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5.4

Determination of long-term antimicrobial effects
The EOs-βCD inclusion complexes were tested for antimicrobial effect for long-term

exposure. The antimicrobial activity EOs-βCD inclusion complexes were observed for up to 7
days in broth media at room temperature and light exposure.
5.5

Statistics
The relative viabilities from the first method were analyzed by ANOVA with a post-hot test.

One-way ANOVA followed by Dunnett’s multiple comparisons test was performed using
GraphPad Prism version 8.0.0, GraphPad Software, San Diego, California. This was performed
for each EOs-βCD inclusion complexes E. coli to determine if the results were considered
significant or not. Data were considered statistically significant if the p-value was <0.05.
5.6

Results

5.6.1

Photograph of EOs-βCD inclusion complexes

The EOs-βCD inclusion complexes were prepared through the sonochemical technique
without using any other chemical or external heat. Figure 5.1 demonstrated the photography of
the AITC and βCD mixture before and after ultrasonication and low-speed centrifugation. The
amount of EOs added is around 0.5 g which is barely seen on the top βCD solution as shown in
Figure 5.1a. Also, some yellow oil droplets went to the bottom of the tube due to the density of
EOs, which is around 1 g/cm3. After ultrasonication, the milky white solution was observed, as
shown in Figure 5.1b. The low-speed centrifugation helps separate EOs-βCD inclusion
complexes from the non-complexed βCD in water (Figure 5.1c). Also, the EOs were not seen on
the top of βCD in water, indicating that the EOs were entrapped by βCD during ultrasonication.
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Figure 5.1

5.6.2

The photograph of AITC and βCD mixture (a) before ultrasonication, (b) after
ultrasonication, and (c) followed by low-speed centrifugation at 2000 rpm for 3
min.

Formation of EOs-βCD inclusion complexes

FTIR technique was used to confirm the formation of EOs-βCD inclusion complexes and
specific functional chemical groups. Allyl isothiocyanate (AITC), trans-cinnamaldehyde (TC),
carvacrol (CV), thymol (TM), and hexanal (HN) were created inclusion complexes with βCD,
and the complexes were labeled as AITC-βCD, TC-βCD, CV-βCD, TM-βCD, and HN-βCD
inclusion complexes, respectively. Figure 5.2 shows FTIR spectra of the neat EOs, neat βCD,
and the associated EOs-βCD inclusion complexes. The peaks at 1154 and 1022 cm-1 in βCD are
associated with the stretching vibration of C-O. The peaks at 3600 and 3020 cm-1 belong to O-H
stretching vibration, which can be observed in the spectra of neat βCD, neat CV, neat TM and
CV-βCD, and TM-βCD inclusion complexes as shown in Figure 5.2c and 5.2e. The peaks at
2930 cm-1 in HN, CV, and TM represent the stretching vibration of the C-H, which is also
observed in the spectra of CV-βCD, HN-βCD, and TM-βCD inclusion complexes in Figure 5.2c,
5.2b, and 5.2e. Besides, the peak at 2930 cm-1 is observed for neat AITC and TC and their
inclusion complexes with lower intensity in Figures 5.2a and 5.2d. All these peaks show that
61

FTIR results of EOs-βCD inclusion complexes were not different from the neat EOs and βCD
component, but the inclusion complexes represent FTIR peaks less intense than neat EOs which
have been reported in the literature.52
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Figure 5.2

Fourier transform infrared (FTIR) spectra of (a) neat βCD, neat AITC and the
AITC- βCD complexes, (b) neat βCD, neat TC and the TC- βCD complexes, (c)
neat βCD, neat CV and the CV- βCD complexes, (d) neat βCD, neat HN and the
HN- βCD inclusion complexes, and (e) neat βCD, neat TM and the TM- βCD
complexes.
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5.6.3

Thermal stability of EO-βCD inclusion complexes

TGA thermograms of neat βCD, neat EOs, and the EOs-βCD inclusion complexes are shown
in Figure 5.3. For neat βCD, the thermogram indicated a mass loss of 3.4% at the temperature
below 100 °C, which is probably due to the loss of water in the βCD structure.80 Thermal
decomposition of neat βCD started at 280 °C. In the temperature region between 100 °C and 280
°C, the TG curve of neat βCD showed very little weight loss. The residual mass of neat βCD
after decomposition at 600 °C was 13%. For neat AITC, the complete weight loss occurred at
118 °C, indicating its high volatility, as shown in Figure 5.3a. The residual mass after the
evaporation of AITC corresponded to less than 0.5 %. The AITC-βCD inclusion complex
exhibited mass loss of 6.9 % at temperatures below 100 °C, which was probably from the release
of water absorbed in the inclusion complex. Between 100 °C and 280 °C, the weight loss of
AITC-βCD was around 9.8 %, confirming different weight loss characteristics than neat βCD.
This weight loss of the AITC-βCD inclusion complex is probably due to delayed evaporation of
AITC entrapped by the inner cavity of βCD.
The thermogram indicated the complete weight loss of trans-cinnamaldehyde (TC), carvacrol
(CV), hexanal (HN), and thymol (TM) at 194, 188, 129, and 181 °C, respectively. In Figure 5.3b,
the weight loss of the TC-βCD inclusion complex was 5.4 % at 100 °C, which probably
evaporated from absorbed moisture during storage. The weight loss of the TC-βCD inclusion
complex between 100 and 280 °C was 8.8 %. Similarly, CV-βCD, HN-βCD, and TM-βCD
inclusion complexes showed 4.7, 6.4, and 5.1 % weight loss up to 100 °C. The weight loss of
CV-βCD, HN-βCD, and TM-βCD inclusion complexes was 9.8, 14.2 and 8.7 %, respectively,
between 100-280 °C, which can be associated with evaporation of the EOs in the inclusion
complexes as shown in Figure 5.3c, 5.3d and 5.3e. Moreover, the thermograms showed that EOs64

βCD inclusion complexes decomposed at a lower temperature than neat βCD, indicating
complexation of EOs. The residual mass of inclusion complexes in each EOs was around 7% at
600 °C, with the exception of TC-βCD, which is about 11.8%. The results show that the residual
mass of inclusion complexes is lower than the residual mass of neat βCD due to probably the
mass loss of complexed EOs and a mass loss with βCD decomposition.80 TGA results indicated
that EOs-βCD inclusion complexes improved thermal stability of EOs and delayed evaporation
of EOs in the inclusion complexes.
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Figure 5.3

Weight loss and derivative weight loss of (a) neat βCD, neat AITC and the AITCβCD inclusion complexes, (b) neat βCD, neat TC and the TC-βCD inclusion
complexes, (c) neat βCD, neat CV and the CV-βCD inclusion complexes, (d) neat
βCD, neat HN and the HN- βCD inclusion complexes, and (e) neat βCD, neat TM
and the TM- βCD inclusion complexes obtained from TGA
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The inclusion yield of EOs-βCD complexes.

Table 5.1
Inclusion

Weight % at

Weight % at

Complexed

Theoretical

Inclusion

complexes

100 °C

280 °C

EOs (g)

EOs (g)

yield (%)

AITC-βCD

93.1

83.3

9.8

8.03

122.1

TC-βCD

94.6

85.8

8.8

10.43

84.4

CV-βCD

95.3

85.5

9.8

11.69

83.8

HN-βCD

93.6

79.4

14.2

8.11

175.1

TM-βCD

94.6

86.2

8.7

11.69

74.4

Table 5.1 showed the amount of complexed EOs in the EOs-βCD inclusion complexes,
calculated by using weight loss of inclusion complexes from TGA. The estimation was
calculated based on weight difference of EOs-βCD inclusion complexes (w/w) between 100 and
280 °C as shown in Equation (2) in Chapter 2. The inclusion yield percentage of each EOs was
estimated by the amount of complexed weight to the theoretical weight. The inclusion yield of
AITC in the complexes was higher than reported in the literature.17 The inclusion yield of CV,
TM and TC with methyl-βCD complexes was estimated to be close to 100% in previous
research.81 Inclusion yields higher than 100% may be due to the presence of free EOs compound
remained in the inclusion complexes after freeze-drying. Additionally, the higher molar ratio of
EOs to βCD could result in a higher inclusion yield.
5.6.4

The morphology of EOs-βCD inclusion complexes by SEM

The morphological characteristics of neat βCD and EOs-βCD inclusion complexes are
presented in Figure 5.4. The neat βCD exhibited a rectangular shape as shown in Figure 5.4a,
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which is in agreement in the literature.82,83 In the EOs-βCD inclusion complexes, the particle size
was smaller than neat βCD with the appearance of very tiny irregular particles with small
aggregates. The images showed that the appearance and the size of EOs-βCD inclusion
complexes were different from neat βCD, indicating the presence of a new solid phase. The
addition of EOs may disrupt the accumulative crystallization of βCD. It was reported that the
morphology of inclusion complexes was different from the original morphology of neat βCD,
which is considered the evidence of the formation of the inclusion complexes. Piletti et al.
studied inclusion complexes of garlic oil in βCD and confirmed the morphology of the original
βCD disappeared after synthesizing garlic oil-βCD inclusion complexes.80 Therefore, the
morphology and size differences between inclusion complexes and neat βCD indicate that EOsβCD inclusion complexes were successfully synthesized by the sonochemical technique.
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Figure 5.4

SEM images of (a) neat βCD, (b) AITC-βCD, (c) TC-βCD, (d) CV-βCD, (e) HNβCD, and (f) TM-βCD
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5.6.5

Antibacterial assessment and minimum inhibitory concentrations of EOs–βCD
inclusion complexes

The antimicrobial activities of EOs-βCD inclusion complexes against E. coli was determined
by Optical density (OD) measurement technique, which was based on the amount of light
scattered by the cultures, and the viable counting. Figure 5.5 showed the OD measurement of
AITC-βCD, TC-βCD, HN-βCD, CV-βCD and TM-βCD. The results demonstrated that E. coli
was not able to grow in the presence of the EOs-βCD inclusion complexes. The adverse effect of
the five EOs-βCD inclusion complexes on the growth of the E. coli in broth is significant as
shown in Figure 5.5 and 5.6.
The minimum inhibitory concentrations (MICs) of EOs-βCD inclusion complexes is
provided in Figure 5.6. The change in turbidity was used as a result indicator of inhibition. EOsβCD inclusion complexes were compared with E. coli and showed that there was no growth in
each tube. The MICs determined for each inclusion complex against E. coli was 0.8-1 mg/ml,
which effectively stopped the growth of E. coli. Also, the results demonstrated that applying high
power and heat to synthesize inclusion complexes through the sonochemical technique didn’t
change antimicrobial properties of EOs.
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Figure 5.5

Antimicrobial activity of (1) AITC-βCD, (2) TC-βCD, (3) HN-βCD, (4) CV-βCD
and (5) TM-βCD inclusion complexes. OD 600 measurement of E. coli after 16h
growth with test compounds. The error bars show standard deviation for each
measurement with three replicates. *p < 0.05

Figure 5.6

Effect of (1) AITC-βCD, (2) TC-βCD, (3) HN-βCD, (4) CV-βCD and (5) TMβCD inclusion complexes on growth of the E. coli. The optical density of bacterial
cultures was also measured with a UV-visible spectrophotometer
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5.6.6

Determination of long-term antimicrobial effect

Figure 5.7 showed E. coli growth on the EOs-βCD inclusion complexes after long term
exposure at room temperature and under light. The change in turbidity as a result of inhibition is
a parameter to determine bactericidal activity of inclusion complexes. As shown in Figure 5.7,
AITC-βCD and TC-βCD inclusion complexes weren’t protected against the E. coli growth after
7 days. The turbidity of AITC-βCD and TC-βCD inclusion complexes are similar to the E. coli
which means the number of bacteria increased in the AITC-βCD and TC-βCD inclusion
complexes, which lost their protection against E. coli. The concentration of AITC-βCD and TCβCD inclusion complexes might not be enough for long term protection against E. coli. Also,
AITC and TC could be more susceptible to light and be released from the cavity of βCD and
evaporate after 7 days. On the other hand, as shown in Figure 5.7, the turbidity of HN-βCD, CVβCD and TM-βCD inclusion complexes was lower than AITC-βCD and TC-βCD inclusion
complexes. The change in turbidity demonstrated HN-βCD, CV-βCD and TM-βCD still had
protection against growth of E. coli up to 7 days.
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Figure 5.7

5.6.7

After 7 days exposure of E. coli, and (1) AITC-βCD, (2) TC-βCD, (3) HN-βCD,
(4) CV-βCD and (5) TM-βCD inclusion complexes in room temperature

Conclusions

This chapter showed the complexation of five different essential oils with βCD as an
antimicrobial agent through the sonochemical technique. Different morphology between EOsβCD inclusion complexes and neat βCD was observed by SEM. Synthesis of EO-βCD inclusion
complexes increased stability of active substance, such as allyl isothiocyanate, transcinnamaldehyde, carvacrol, thymol, and hexanal through sonochemical technique. The
antibacterial effectiveness of EOs-βCD inclusion complexes was determined against E. coli
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CHAPTER VI
CONCLUSIONS AND OUTLOOK
The development of an environmentally friendly protective mechanism to stabilize active
substances has been a hot topic in recent years. In this study, microcapsules and inclusion
complexes were developed through the sonochemical technique using PCM and EO as
hydrophobic core and guest molecules, CNF and βCD as polysaccharidic shell and host
materials, respectively. The main findings from the study are:
1. The microencapsulation of PCM via CNF-based Pickering emulsion as
sustainable thermal energy storage materials was synthesized successfully through
sonochemical technique
2. PCM-CNF microcapsules were successfully incorporated into a TOCNF film,
which increased thermal stability of PCM and the microcapsule and provided high
thermal energy density
3. βCD had effectively suppressed the volatility of EOs, such as AITC, TC, CV,
HN, and TM, by forming inclusion complexes through the sonochemical
technique
4. EOs-βCD inclusion complexes successfully inhibited the growth of E. coli, which
showed their effectiveness as antimicrobial agents
Since the PCM-CNF microcapsule provided promising results as a thermal energy storage
material, it would be beneficial to improve the surface coverage of the microcapsule by the CNF
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particles. Future research may combine CNF and crosslinking agents to create a more stable and
a closed-shell structure. This study has also demonstrated that the volatility of EOs was delayed
by synthesizing inclusion complexes with βCD through the sonochemical technique, which took
much less time compared to the conventional co-precipitation method. So, it would be interesting
to use the sonochemical technique to produce βCD-based inclusion complexes in a large scale.
The EO-βCD inclusion complexes could be incorporated into an edible and biodegradable film,
e.g. chitosan or cellulose, as food packaging and their flexibility, transparency, water sorption,
mechanical properties and antimicrobial activities against Gram-positive and Gram-negative
bacteria could be tested.
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